Cell based therapies hold promise of repairing an injured heart, and the description of stem and progenitor cells with cardiomyogenic potential is critical to its realization. At the vanguard of these efforts are analyses of embryonic stem cells, which clearly have the capacity to generate large numbers of cardiomyocytes in vitro. Through the use of this model system, a number of signaling mechanisms have been worked out that describes at least partially the process of cardiopoiesis. Studies on adult stem and on progenitor cells with cardiomyogenic potential are still in their infancy, and much less is known about the molecular signals that are required to induce the differentiation to cardiomyocytes. It is also unclear whether the pathways are similar or different between embryonic and adult cell-induced cardiomyogenesis, partly because of the continued controversies that surround the stem cell theory of cardiac self-renewal. Irrespective of any perceived or actual limitations, the study of stem and progenitor cells has provided important insights into the process of cardiomyogenesis, and it is likely that future research in this area will turn the promise of repairing an injured heart into a reality.
Introduction
Cardiac transplantation is currently the treatment of choice for end-stage heart failure, but it is hampered by a severe shortage of donor organs and by the potential for organ rejection. Cell replacement therapy represents one promising option for myocardial repair, but this approach is currently limited by the availability of transplantable human cardiomyocytes (CMs). As a result, transplantation of non-CMs, such as skeletal muscle myoblasts and smooth muscle cells, has been proposed as alternative therapies [1] [2] [3] [4] [5] . This approach is however complicated by the fact that transplanted cells, which are not CMs, may have abnormal electrical coupling that could promote either conduction blocks or arrhythmias in vivo. Thus, one goal of cardiac *Correspondence to Kenneth R. Boheler NIH/NIA/GRC/LCS, 5600 Nathan Shock Drive, Baltimore, MD 21224; Fax: 410-558-8150; Email: bohelerk@grc.nia.nih.gov. Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. cellular transplantation has been to find a renewable source of cardiac cells that can be used safely in human hearts.
Until a few years ago, stem cell-based therapeutics were limited to cells of bone marrow (hematopoietic and mesenchymal stem cells) and epidermal (skin) origin, but since 1999, numerous studies have described cells with cardiomyogenic potential, including some derived from the embryo (pre-implantation embryo, embryonic germ cells)(see [6, 7] for references), heart [embryonic (Isl-1 + ), neonatal, adult (c-Kit + or Sca-1 + )] [8] [9] [10] [11] [12] , adult bone marrow (hematopoietic and mesenchymal stem cells [13] [14] [15] , multipotent adult progenitor cells [16] , side population (SP) cells [17, 18] , cytokine mobilized cells [19] , endothelial circulating progenitor cells [20] , skeletal myoblasts [5, 21, 22] , fat [23] , and testes [24] (also see revs. [3, 25, 26] for additional references). While many of these findings suggest new cell sources for the treatment of heart failure, each has its own set of limitations, and importantly for this review, no homogeneous primary cell isolate has yet shown regenerative potential in heart equivalent to the long-term repopulating hematopoietic stem cells identified from bone marrow [27] [28] [29] .
The aim of this review is thus to describe current knowledge of some stem and progenitor cells with cardiomyogenic potential and discuss potential pathways that are implicated in the induction and/or differentiation of CMs. Because this field of investigation is still in its infancy, many challenges remain to be overcome, ranging from the identification and expansion of uni-, multi-or pluri-potent cells to the therapeutic application of these cells or cell derivatives in man. Since an on-going debate continues in the cardiovascular field as to whether some of the putative stem or progenitor cells with reported "cardiomyogenic potential" are genuine and whether these cells generate functional cardiac myocytes that can integrate with endogenous CMs, we have chosen to employ a very conservative definition of stem cells, one that requires an isolated cell to have not only the ability to self-renew or spontaneously differentiate into CMs in vitro and in vivo, but also one where the cells have an identifiable in vivo counterpart (i.e., resident). Moreover, we suggest that this definition is essential if we are to exploit the potential of resident cardiomyogenic stem and progenitor cells, which we believe will have the greatest therapeutic potential, as opposed to those stem cells that are artifacts of either culture (epigenetic reprogramming, fusion) or gene reprogramming (nuclear transfer or retrovirusmediated).
What are Stem and Progenitor Cells?
In its simplest form, a mammalian stem cell is a special type of cell that retains the ability to self-renew (i.e., undergo cell division in an undifferentiated state) indefinitely and to differentiate into specialized cells of an embryo or adult. Differentiation is a process that involves undifferentiated cells progressing into specialized cells with restricted developmental potential. The differentiation capacity of these specialized cells in vivo to form mature cell types (i.e., the developmental potential) ultimately depends on the state of commitment of the cell and both intrinsic factors and the extra-cellular environment (niche).
Three classes of stem cells have been classified i.e., pluripotent embryonic (blastocyst or epiblast derived), adult (tissue-specific or cord blood) and cancer stem cells. Among the three, embryonic stem (ES) cells display the broadest developmental potential [7, 30] . These pluripotent cells can differentiate into all cells of an embryo proper, and if implanted in utero following tetraploid aggregation, an entire ES cell derived embryo, excluding some extraembryonic tissues, can be formed [31] [32] [33] . ES cells can also be used for the generation of chimeric animals, in which the ES cell genotype can be passed through the germline. Another pluripotent cell type includes germ cells, progenitor cells of the germ line, which also have multilineage differentiation capacity [7] . In contrast, adult stem cells possess a more restricted developmental potential and are generally considered to be multipotent to unipotent. They typically produce only cells of a closely related family, providing "new" cells in order to replenish damaged specialized cells in the adult. Both types of stem cells are capable of cell division in the undifferentiated state (self-renewal), and although ES cells readily form tumors when implanted outside the blastocyst and adult stem cells (e.g., hematopoietic, mesenchymal, neuronal) may or may not form tumors, these stem cells are unique from cancer stem cells. Cancer stem cells are by definition oncogenic, have lost the ability to prevent uncontrolled proliferation or differentiation, and are therapeutically unviable. Therapeutically viable stem cells are therefore normal units of development and tissue regeneration (for rev. see [7] ). Finally, stem cells are unique from progenitor cells. Progenitor cells are products of a stem cell that generally have limited self-renewal capacity, but a very high proliferation capacity. This latter property permits the production of a large number of differentiated progeny in a relatively short period of time. The developmental potential of the progeny also tends to be restricted to a single cell lineage. Because of the tremendous capacity to divide, progenitor cell progeny may have important therapeutic potentials in an acute phase, as they would not be expected to take up long-term residence or have the potential to form tumors, like embryonic and some adult stem cells.
Stem Cells with Cardiomyogenic Potential
During the past few years, numerous pre-clinical studies have demonstrated that a variety of putative stem/progenitor cells can improve the cardiac function after transplantation; but because of the nature of the studies, it often remains unclear whether CM regeneration occurred through the formation of CMs or if any beneficial effects were secondary to angiogenic effects, anti-apoptotic effects, endothelial-to-mesenchymal transitions, cell fusions, or even antiinflammatory responses [34] [35] [36] [37] [38] [39] . The data however support the idea that stem and progenitor cells may indeed form CMs or CM-like cells in vitro and in vivo; however, the formation of CMs from these cells is not the rule, but instead a relatively rare event. In this section, we will review the current state of the literature, and at the end, we will describe both how and why some of the claims remain controversial.
Embryonic Stem cells and cardiomyogenesis
Pluripotent embryonic stem (ES) cells can give rise to all cells of an embryo-proper. In vitro, ES cells spontaneously form cell aggregates termed embryoid bodies (EBs), which can differentiate into a variety of cell types, including CMs ( Figure 1 ). The hanging drop technique is extremely useful in promoting reproducible aggregation of ES cells to help direct differentiation. This technique specifically permits the formation of aggregates with a uniform size, thus limiting variations in cell numbers that can dramatically affect the developmental outcome. For example, aggregates consisting initially of 200 ES cells and induced with retinoic acid readily form neuronal cells; however, aggregates consisting of 400-800 cells in high fetal bovine serum-containing media readily produce CMs, the process of which has been extensively reviewed elsewhere [6, 7] .
Using the hanging drop technique, ES cells form small spheres of ~50-100 μm within two days of aggregation. Subsequently, the irregular surface of the aggregates flattens to morphologically resemble morula compaction; and by day 4-5 of aggregation, the EB is composed of an inner epiblast-like and an outer primary endoderm-like structure. The development of mesodermal cells occurs in a restricted area between these two structures (close to the dense structure of the "neuroectodermal rim"), and although unique from development, it is analogous to gastrulation-like development and axis formation, in which the rostro-caudal axis superimposed on the primitive streak of the early mouse gastrula [40] .
During in vitro differentiation of ES cells to CMs via EBs, cardiac gene expression is regulated in a developmentally controlled manner [6] . As in early myocardial development, mRNAs encoding GATA4 and Nkx2.5 transcription factors appear prior to mRNAs encoding atrial natriuretic factor (ANF), myosin light chain (MLC)-2v, α-myosin heavy chain (α-MHC), β-myosin heavy chain (β-MHC), Na + -Ca 2+ exchanger, and phospholamban. Sarcomeric proteins of ES cell-derived CMs are also established developmentally in the following order: titin (Z disk), α-actinin, myomesin, titin (M band), MHC, α-actin, cardiac troponin T, and M protein [41] . CMs with characteristics of fetal/neonatal rodent CMs express slow skeletal muscle troponin I isoforms and a greater proportion of β-MHC versus α-MHC, whereas CMs that more rapidly contract preferentially express cardiac troponin I and α-MHC. The process is therefore heterogeneous and cells typical of primary myocardium (early proliferating cardiac cells, pacemaker-like cells, His-, Purkinje-like cells) and working myocardium (atrial and ventricular) are formed [6] .
Human ES cells also spontaneously differentiate when mechanically isolated or enzymatically dissociated from feeder layers and cultured as aggregates in suspension. Heterogeneous and cystic EBs spontaneously form under these conditions and express markers of various cell types, including those of neuronal, cardiac or pancreatic lineages (for rev. see [7] ). Similarly and analogous to mouse ES cells, no single transcription factor or signaling pathway directs hES cells exclusively into a heart cell, suggesting that multiple signals and/or pathways must be involved in the commitment of pluripotent cells to cardiomyocytes. Importantly and when tested for cell-to-cell functional coupling, ES cell-derived CMs from both human and mouse integrate and functionally couple in adult myocardium [42, 43] .
From the pioneering work of two laboratories, we also know that ES cells progress to form CMs in vitro through intermediate progenitor cells. Using an ES cell line where the mesodermal lineage marker Brachyury gene was targeted to express GFP, Kattman et al. showed that the Flk1 − (vascular endothelial growth factor receptor-2 negative) GFP + progenitors give rise in culture to two distinct populations of Flk1 + GFP + progenitors [44] . The first corresponds to the hemangioblast, while the secondary Flk1 + cells are capable of generating CMs, vascular smooth muscle cells and endothelial cells. This latter cell population expresses Flk1 prior to cardiac markers, Nkx2.5, Gata4 and Mef2c, and these cells express either Tbx5 or Isl-1, markers of primary and secondary heart fields. Similarly, Wu et al. isolated cardiac progenitors from ES cells expressing Nkx2.5-GFP [45] . Nkx2.5 is expressed subsequent to Flk1, but the results were largely consistent with those described by Kattman et al. Essentially, these Nkx2.5-GFP + cells were capable of generating clonal colonies with both cardiac and smooth muscle phenotypes, and these cell derivatives expressed modest levels of the stem cell markers c-Kit and Sca-1, but not endothelial cell markers. These findings suggest that endothelial and myogenic lineages may have already segregated by the time that the Nkx2.5 gene is activated. The data from these two studies thus suggest that the mammalian cardiovascular system develops from multipotential progenitors that give rise to cardiac, endothelial and vascular smooth muscle progenitors.
ES cells are definitive stem cells, albeit stem cells that may be an artifact of culture, which involves epigenetic modulation of gene expression [46] . These stem cells can unequivocally contribute to all cell lineages, including the germ line, and when appropriately introduced into the blastocyst, do not readily create tumors. The differentiated products in vitro also functionally couple with endogenous heart cells, suggesting that ES cell-derived CMs meet all criteria necessary for successful cardiac integration [26, 42, 47] . With that said, these cells are not optimal for therapeutic applications. First, only a few undifferentiated cell introduced in a heart may cause tumor formation; however, recent studies suggest that teratoma formation does not necessarily occur when fewer than 50,000 or 100,000 undifferentiated ES cells are transplanted [48, 49] . Second, the cells may be immunologically incompatible with the host, resulting in immune reactions. Third and perhaps most importantly, ES cells undergo chromosomal rearrangements and can suffer from mutation events, particularly with long-term in vitro cultivation [7] . Until these problems can be addressed, these cell derivatives are best suited for proof-of-principle studies for therapeutics and for evaluating the mechanisms and signaling cascades necessary for formation of CMs.
Finally, the group of Yamanaka has recently shown that any adult cell can potentially be reprogrammed to form induced pluripotent stem (iPS) cells in vitro, merely through the use of retroviral mediated expression of four transcription factors (Oct4, Sox2, c-Myc, Klf4) [50, 51] . Importantly, cells produced in this manner can differentiate in vitro into cell types of all three germ layers and can contribute to the germline [52] . Takahashi et al. also showed that iPS cells treated with activin A and BMP4 beat and express CM markers like cardiac troponin T, β-MHC, Mef2C and Nkx2.5 [50] . The findings of pluripotency have been re-confirmed in mouse independently by the group of R. Jaenisch and have been both confirmed and expanded in human cells by the group of J. Thompson [53, 54] . Thus, all normal cells may have the capacity to be pluripotent or multipotent, and the generation of these cells may overcome many of the limitations (ethical, tumor formation, immunological incompatibility) currently associated with the generation and therapeutic applications of human ES cell lines. Ultimately, iPS cells may not prove apt for therapeutics in man, as long as retroviral sequences remain in the genome, but it is likely that this advance will play a vital role in future cell-based treatments of cardiovascular disorders. (Figure 2 ). Cardiomyogenic progenitor cells that express the transcription factor Isl-1 have also been described [9] . Proponents of the stem cell theory of cardiac self-renewal postulate that these cells, isolated from cardiac tissues, readily differentiate into CMs. Opponents however generally ascribe these observations to experimental artifacts or cell fusion. Perhaps more importantly, opponents have suggested that some of the putative stem cell-derivatives may arise from de-differentiated adult cardiac myocytes, trans-determination or even trans-differentiation events and are thus not authentic or resident stem cells. The origin of cardiomyogenic stem cells is also open to debate, partly because hematopoietic stem cell markers such as c-Kit and Sca-1 are most prominent outside the heart, suggesting that they may originate elsewhere [55] . Although SP cells have been associated at least partially with hematopoietic stem cell (HSC) populations, others have shown that the HSCs were equally distributed in the non-SP population, suggesting that precaution should be taken with respect to the claim that SP cells represent a stem cell population [56, 57] .
Adult Stem

c-Kit cells:
C-kit encodes a type III receptor tyrosine kinase that binds to stem cell factor (SCF), a product of the mouse Sl locus [58] . In the embryo, c-Kit is detectable during early organogenesis and in the lateral plate mesoderm, which gives rise to the primordial heart [59] ; however, mutations in c-kit and Sl genes in mouse result primarily in defects in neural crest-derived melanocytes, hematopoietic cells, and primordial germ cells (reviewed in [60] ). Beltrami et al. first reported the discovery of a c-Kit + population of resident stem cells that could be isolated from adult rat heart and expanded in vitro under limiting dilution conditions [10] . These relatively small cells were calculated to be present at only about 1 per 100 CMs and were lineage negative (Lin − ) for blood lineage markers (CD34, CD45, CD20, CD45RO and CD8). The c-Kit + cells were also very heterogeneous, with <10% of the cells expressing Nkx.5, GATA4 and Mef2, and <0.5% of the cells expressing sarcomeric proteins. Under appropriate conditions, these cells could differentiate into CMs, smooth muscle cells and endotheial cells, and were reported to replace/repair the majority of the infarcted tissues [10] .
Based on a number of criteria, the authors also indicated that repair occurred independently of cell fusion. A majority of CMs however appeared immature with either limited sarcomeric structures or the presence of stress fibers that are typical of fibroblasts or myofibroblasts. [61] [62] [63] . In addition, cultivated c-Kit cells only spontaneously contract when co-cultured with neonatal CMs, suggesting that spontaneous differentiation to CMs does not readily occur.
This pioneering study has now been extended to species other than rat. Human heart contains c-Kit + cardiac stem cells that are reportedly self-renewing, clonogenic and multipotent. Human c-Kit + cardiac stem cells have traits similar to those described for mouse and could repair the performance of injured heart when transplanted into immuno-deficient mice. Although direct functional coupling between CMs derived from human c-Kit + cardiac derived cells and host myocardium was not shown, the authors confirmed that these cells took up residence in human myocardium without cell fusion through the use of a Cre Recombinase-lox system reporter system [64] . This molecular approach is really one of the few that can be used to correctly address this issue; however, questions of strain dependence and the possibility of incomplete penetrance was not considered. Separately and in collaboration with Dr. Anversa's group, Chen et al. reported that the normal feline heart contains a population of resident c-Kit + cardiac stem/ progenitor cells that, when co-cultured with rat neonatal heart myocytes, differentiate into CMs [63] .
In 2004, Messina et al. reported the isolation of undifferentiated cells from subcultures of postnatal atrial or ventricular human biopsy specimens and from murine hearts that grow as self-adherent clusters termed "cardiospheres". These cells were clonogenic, appeared to have some properties consistent with the previously described adult cardiac stem cells, and phenotypically expressed endothelial (KDR [human]/flk-1 [mouse], CD-31) and stem cell (CD-34, c-Kit, Sca-1) markers. Marban`s group have also generated cardiospheres from human and porcine myocardial biopsy specimens. These human cardiospheres proved highly heterogeneous, and after in vitro expansion, a majority of cells expressed CD105 (endoglin), a marker that is expressed in numerous types of cells. Only subsets of these cells expressed cKit, CD34 and CD31 (PECAM-1); whereas most were negative for CD133 (Prominin), the multidrug resistance gene 1 (MDR1) and CD45. Using once again a co-culture system, the cells demonstrated biophysical features characteristic of CMs, and some data argued against cell fusion, even though definitive experiments were lacking. Importantly, the CMs generated with this system could restore some function to the injured heart when transplanted by intramyocardial delivery. Functional integration into the host myocardium was however only demonstrated through expression of connexin-43 [12, 65] .
One report however highlights some of the controversies surrounding the origin of "resident" c-Kit + cardiac stem stem. Fazel et al. showed that the number of c-Kit + cells increased in heart cells after myocardial infarction [66] . Using genetic tagging techniques, they were able to trace the origin of these cells back to bone marrow. This strongly suggested that these were not resident cardiac stem cells. Instead, these cells must represent a subpopulation of bone marrow cells that could be recruited to heart in response to injury. Functionally, c-Kit + cells recruited from bone marrow established a pro-angiogenic environment in the infarct border zone that potentiated endothelial mitogenesis and facilitated the formation of a myofibroblast-rich zone that fostered tissue repair.
Sca-1 Cells:
Sca-1 (stem cell antigen-1, Ly-6A/E) is an 18 kDa phosphatidylinositolanchored protein that is a member of the Ly-6 antigen family. It is one of the most recognized HSC markers in mice, and an anti-Sca-1 antibody is routinely used to identify and isolate murine HSCs from bone marrow. Oh et al. were the first to identify a small number of Sca-1 + cardiac cells that overlapped with a side population of cells from heart. The cardiac Sca-1 + cells lacked blood cell lineage markers (CD4, CD8, B220, Gr-1, Mac-1, and TER119), c-Kit, Flt-1, Flk-1, vascular endothelial-cadherin, von Willebrand factor, and HSC markers CD45 and CD34. Moreover, these cells expressed Gata4, Mef2 and Tef-1, but not Nkx2.5 or genes that encoded cardiac sarcomeric proteins. The Sca-1 + stem/progenitor cells did not spontaneously differentiate into CMs, but following stimulation with 5-azacytidine, a DNA demethylating agent that causes pronounced epigenetic modifications, genes for Nkx2.5, α-MHC, β-MHC, and the type 1A receptor for bone morphogenetic proteins (Bmpr1a) were induced, and contraction was observed. The cells were however mononucleated and fibroblastlike in structure [11] . Subsequently, freshly isolated and undifferentiated αMHC-CreRecombinase Sca-1 + cells were introduced into infarcted hearts of ROSA26 mice to test for the possibility of cell fusion (where fusion occurs, Cre will cause recombination and the expression of LacZ found in the ROSA26 mice). In these experiments, almost 50% of the cells expressed LacZ, showing that cell fusion was a major contributor to the integration process; whereas, the remainder could be attributed to either bona fide cases of cardiomyogenesis or, alternatively, fused cells with incomplete penetrance for recombination. Conversely, Matsuura et al. reported that oxytocin, but not 5-azacytidine, induces Sca-1 + cells from the adult murine heart to differentiate into functional, spontaneously beating, immature CMs with Ca 2+ transients typical to those found in heart cells [67] . The 5′-azacytidine-treated cells however developed a fibroblast-like morphology and never spontaneous contracted. In this study, both treatments up-regulated cardiac transcription factors Nkx2.5, GATA4, and MEF-2C and structural proteins for α-and β-MHC, MLC-2a, MLC-2v, and cardiac α-actin. The oxytocintreated cells that formed CMs were few in number, but importantly, these cells had positive inotropic responses to isoproterenol via β 1 -adrenergic receptor signaling. Given the apparently small number of CMs generated in vitro from this stimulus, it thus appears that cardiomyogenesis is not a default pathway for these cells, and the potential to differentiate into true cardiac progenitors and CMs requires further investigation.
Side Population (SP) Cells:
The ATP-binding cassette (ABC) transporter family contains 50 members that use the hydrolysis of ATP to pump toxins from cells. ABC transporters encoding multidrug resistance genes (MDRs) also efflux the DNA binding dye Hoechst 33342, which allows for the easy identification and sorting of ABC transporterpositive and transporter-negative cells by flow cytometry. In most cases, cells expressing ABC transporters comprise a very small percentage of freshly isolated cells, which appear as a "side population" (SP) of cells relative to the majority of non-SP cells. The SP cells and especially the Abcg2-dependent SP cell populations, have been associated with stem/progenitor cells and with long-term self-renewal [56] . Martin et al. showed that Abcg2 is robustly expressed in the developing heart [68] . At later states of development and in adult heart, the transporter could also be used to identify a rare cell population. Following co-culture, these cells could differentiate into α-actinin-positive cells, and in the border zone adjacent to a myocardial infarct, increased numbers of Abcg2-expressing cells have been observed. Hierlihy et al. also reported a SP cell population, which represented ~1% of the total cell number in the adult heart that was not enriched for the hematopoietic markers CD34, c-Kit, Sca-1, Flk-2, and Thy1.1 [69] . The purified myocardial SP cells from EGFP mice were also capable of forming CMs, but similarly to the c-Kit + cells described above, only did so under co-culture conditions with primary CMs. Because these cells could readily fuse with other types of cells, it therefore remains unclear if the use of this marker is sufficient to identify a cell population that is capable of cardiomyogenesis.
Isl-1 Cells:
The LIM homeodomain transcription factor Isl-1 marks a cell population that makes a substantial contribution to the embryonic heart. Isl-1 is expressed in cells that populate the so-called anterior or secondary heart field, and Isl-1 knock out mice are deficient in most aspects of the outflow tract and the right ventricle, and suffer from a severe reduction in atrial tissue [8] . The detection of relatively few Isl-1 + cells in the postnatal heart (~500-600 in 1-5-day-old rats) led to speculation that Isl-1 + cells might be important for the reconstitution of the damaged adult heart. To address this question, Laugwitz et al. identified Isl-1 + cells in postnatal rat, mouse and human myocardium, and showed that a cardiac mesenchymal feeder layer permitted renewal of the isolated progenitor cells. These isolated cells also maintained an ability to adopt a fully differentiated CM phenotype [9] . Unfortunately, very few, if any, Isl-1 + cells have been found in adult mouse hearts, and attempts to identify Isl-1 + cells unambiguously in human hearts have proved difficult. Moreover, cell lineage tracing experiments of Isl-1 + lacZ-labeled cells failed to show an increase in Isl-1 + cells after cardiac damage, which makes it unlikely that these cells make a significant contribution to endogenous repair processes. Hence, Isl-1 + cells in the postnatal heart may represent remnants of the fetal progenitor cell population, which do not serve a dedicated function during adult life. Moreover these cells are unique from other cardiac stem/progenitor cells (c-Kit + , Sca-1 + ), since the Isl-1 + cells do not express these markers, at least not at this stage of development/ differentiation. Because Isl-1 + cells can be expanded in culture for a limited period of time, these cells have been correctly described as cardiac progenitor cells [9] . More recently, Chien`s group have also shown that Isl-1 + cardiovascular progenitors are multipotent and can differentiate into cardiac, smooth muscle and endothelial cells from both mouse ES cells and mouse embryos [70] . Altogether, these are perhaps some of the best defined resident cardiomyogenic cells described to date, because of both the use of genetic and molecular markers and the finding in mouse that this transcription factor is critical to cardiomyogenesis.
Non-Resident Cardiomyogenic Stem
Cells-A number of non-resident stem cell populations have been described that may have cardiomyogenic potential. Some like those from fat, only occur at a very low frequency in vitro; whereas, others from bone marrow seem to show distinct cardiomyogenic potential. Generally speaking, bone marrow stroma is a complex tissue that supports cellular differentiation and the maintenance of stem and progenitor cells (Figure 3 ). Included in this population are undifferentiated hematopoietic stem cells that are critical for the generation of erythroid, myeloid and lymphoid lineages; mesenchymal cells that give rise to osteoblasts, adipoblasts and chondrocytes; and endothelial cells, which may arise from hemangioblast or other endothelial cell precursors. Clinically, it is important to note that some therapeutic applications of hematopoietic stem cells (HSCs) in patients with infarcted myocardium have resulted in very different results. This is probably because the purification protocols, which may have influenced the outcome of the therapies i.e., transplanted cells may have contained different contents of "definitive" stem cells or alternatively may have contained other cells with regenerative potential (paracrine effects). The latter is quite possible because different CD expressing antigens were employed to isolate the definitive stem cell populations (i.e., cells isolated using CD133 versus CD34 may have contained unique sets of other CD expressing antigens like CD31 + ). Unlike blood lineages, which are actively produced in bone marrow stroma, many mesenchymal tissues, such as muscle, tendon, ligament and articular cartilage are not produced here. Instead, bone marrow actively maintains the undifferentiated state of some mesenchymal stem cells (MSCs) that can migrate and help support tissue regeneration and cell replacement. The term "marrow stromal cell" therefore implies a complex mixture of uncharacterized cells; and at least three of these have been suggested to have cardiomyogenic potential.
Hematopoietic Stem Cells (HSC):
HSCs are without question one of the very best defined populations of stem cells, but only the long-term repopulating HSC, which displays a unique set of markers (Murine: c-Kit + , Sca-1 + , Lin − ; Human: CD34 + Thy-1 + Lin − ), corresponds to the resident stem cell population suitable for long-term replacement therapy [71] . The first evidence that bone marrow cells might also effect myocardial regeneration came from Bittner et al. who transplanted marrow from control mice into dystrophic DMD mdx/mdx females, and reported the presence of Y chromosome positive nuclei in CMs [72] ; but Alvarez-Dolado et al. showed that marrow-derived cells could also fuse with heart cells [39] . To directly determine the ability of HSCs to promote myocardial regeneration, Orlic et al. mobilized HSCs from bone marrow to show that the "transdifferentiated cells" could repair the infarcted heart [19] . In a separate study, they isolated HSCs from mice that constitutively expressed the green fluorescence protein and used these cells to look for cardiac integration and repair [73] . Within 2 weeks of infarction, mice injected with the GFP cells had improved function, and the newly formed myocardium contained green cells that occupied up to 68% of the infarcted portion of the ventricle 9 days after transplanting the bone marrow cells. These labeled cells also expressed sarcomeric actins and myosins, troponin and several cardiac-associated transcription factors; however, the sarcomeric structures appeared disorganized. These initial observations have been followed up with a report by Rota et al., who showed that bone marrow cells engraft, survive, and grow within the spared myocardium after infarction [74] . More specifically, they reported that locally delivered bone marrow cells generate de novo myocardium composed of integrated CMs and coronary vessels, and that the cardiomyogenesis was independent of cell fusion, but dependent on close contact with endogenous CMs.
Several reports have contradicted these findings. Murry et al. reported that the HSCs do not show activation of cardiac-specific genes, and consistently, they could not detect any increase in CMs in the infarcted region of the heart [35] . Similarly, Kawada et al. showed that mobilized hematopoietic stem cells expressing GFP do not differentiate into CMs after myocardial infarction [75] . Most importantly, Balsam et al. specifically studied the ability of c-Kitenriched bone marrow long-term reconstituting hematopoietic stem cells (Lin − c-Kit + BM cells and c-Kit + Thy1.1(low) Lin − Sca-1 + ) to regenerate myocardium in an infarct model. As discussed below, we believe that cardiomyogenic stem cells should have developmental correlates and a well-defined phenotype in an animal. These primary cell isolates when isolated to homogeneity and reintroduced into an animal can then be employed to determine a cell's true differentiation potential. With this in mind, isolated primary HSCs from transgenic mice expressing green fluorescent protein (GFP) were isolated based on the expression of known cell markers and injected directly into ischemic myocardium of wild-type mice. Although GFP + cells were abundantly detected in the myocardium after 10 days, by 30 days, very few cells were detectable and none of the GFP + cells expressed cardiac tissue-specific markers. Instead, most of the cells expressed the hematopoietic marker CD45 and myeloid marker Gr-1, leading them to conclude that primary isolates of HSCs only adopt traditional haematopoietic fates [36] .
Mesenchymal Stem Cells (MSCs):
Mesenchymal stem cells possess multipotent capabilities, readily proliferate in vitro and in vivo, induce angiogenesis and differentiate into osteogenic, chondrogenic, adipogenic and myogenic cells, types of the mesenchymal lineage. Animal studies and early clinical studies suggest that therapeutically delivered MSCs can improve heart function after an acute myocardial infarction (MI). More specifically, MSCs seem to improve contractility, wall thickness and decrease necrosis [76] [77] [78] . Part, if not all, of the observed therapeutic benefits are probably mediated through the release of a variety of signaling molecules, which may be anti-inflammatory, protective and angiogenic, since there is only limited data to suggest that MSCs readily form CMs. MSCs thus remain attractive as a vehicle for cell transplantation or for tissue engineering, because they can be obtained in relatively large numbers and are easily expanded in culture. In combination with their immunoprivileged status, MSCs remain a promising source for cell therapy in cardiac diseases.
In 1999, Makino et al. reported that CMs could be generated from immortalized marrow stromal cells in vitro through the addition of 5-azacytidine, a DNA demethylating agent, which induces pronounced epigenetic changes [79] . The reputed formation of CMs was based on the spontaneous contraction of cells in culture, action potentials similar to those found in fetal CMs, the expression of sarcomeric proteins, and the expression of atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP). These latter two are associated with CMs; but the most predominant sarcomeric cell markers (skeletal α-actin and β-myosin heavy chain) are associated with both cardiac and skeletal muscle cells. Importantly, the published images clearly showed multinucleated cells, which are most typical of skeletal muscle. This has led many investigators to suggest that these were not authentic CMs, but more likely an abnormal muscle-like cell that in response to tissue culture and epigenetic modifications express some cardiac and skeletal markers, perhaps similar to that seen with the H9c2 cell line [80] .
Subsequently, Kawada et al. transplanted genetically marked (GFP + ) clonal MSCs into lethally irradiated recipient mice [75] . Following induction of myocardial infarction, mice were treated with granulocyte colony-stimulating factor, and the cardiac tissues were analyzed. In these experiments, the MSCs were not pretreated with 5-azacytidine; however, the authors were able to detect α-actinin + GFP + cells. They interpreted these data to mean that MSCs could in fact differentiate into CMs, even without pre-treatment with 5-azacytidine. The number of α-actinin + GFP + cells observed with this phenotype was very low, and they failed to discount the possibility that some of the results were due to fusion events or epigenetic changes secondary to cultivation. The incidence of α-actinin + GFP + cells was however much higher than that detected with transplanted HSCs (CD34 − c-Kit + Sca-1 + Lin − SP + ) cells (see earlier). Interestingly, they also reported that transplantation of whole bone marrow gave an even higher number of α-actinin + GFP + cells in heart than labeled MSCs alone. This indicates that other cells in bone marrow, which were neither HSCs nor MSCs, might contribute to this response.
Because a majority of the transplanted MSCs differentiated into bone tissue when introduced into the bone marrow, it would also appear that the natural propensity of these cells is not to form CMs [81] ; but when they do, it is likely that epigenetic modifications or transdetermination events, and not trans-differentiation events, are involved. Moreover, a recent study by Fleischmann and coworkers showed no cardiac contribution of enriched bone marrow derived MSCs. Instead, cells from whole bone marrow and MSCs adopted a mesenchymal cell fate after transplantation into cryoinjured infracted hearts that included calcifications and/or ossifications. These findings seriously questioned the biologic basis and clinical safety of using whole BM and in particular MSCs to treat non-hematopoietic disorders [82] . The ability of MSCs to form CMs is therefore still in doubt, and in almost all cases where cardiogenesis was reported, the cells had to go through a cultivation period that may have altered basic properties. There are however several other reports stating that MSCs can differentiate into CMs when injected into healthy murine heart or when co-cultured with primary CMs [83, 84] .
Finally, stem cells are also present in normal umbilical cord blood (UCB). The attractions of CB over bone marrow include the ease of non-invasive collection, the high proliferation and expansion potential of UCB-HSC, and the reduced graft versus host disease following transplantation [85, 86] . More recently, the description of stem cell populations with nonhematopoietic potential has raised the prospect of more widespread applications for cord blood stem cells, including one where, approximately half of the human UCB-derived MSCs were reported to trans-differentiate into CMs in vitro [87] .
Other Bone Marrow-Derived cells:
As just described, there may be unique populations of bone marrow-derived stem cells that have the potential to contribute to myocardial cell replacement. One, the multipotent adult progenitor cell (MAPC) described by Verfaillie and co-workers showed differentiation markers of hepatocytes, endothelial cells and neurons, but there is little evidence that they contribute to heart [16, 88] . When these cells were isolated from GFP-transgenic mice, MAPCs were subsequently found to be capable of multilineage hematopoietic engraftment in immunodeficient mice, but at a frequency much less than that of HSCs [89] . Although the MAPCs in vitro had an almost unlimited proliferation potential, their limited differentiation capacity relative to what was originally described in 2002 furthermore suggests that these cells are heterogeneous, highly dependent on culture conditions, and lack any significant degree of multipotency.
Xaymardan et al. have however described a unique population of bone marrow cells that when grown in FGF2-and VEGF-containing media generated aggregates of spontaneously beating cells [90] . Supplementation of the culture media with platelet-derived growth factor (PDGF)-AB furthermore shortened the time to α-myosin heavy chain expression. Interestingly, PDGF-AB treatment could also stimulate the formation of bone marrow-derived CM-like cells. These cells were however disorganized bundles of myocardium that did not improve function from bone marrow cells in the endogenous heart. Although many conclusions were based on the expression of marker genes and not function, these experiments were performed without coculture thus indicating that the expression of cardiac genes from bone marrow cells can in fact be elicited merely through the addition of growth factors. Pallante et al. subsequently described a unique cell population in bone marrow that was positive for the pluripotency markers Oct4, nanog and Dppa3, negative for the hematopoietic stem cell markers CD34, CD45, and Sca-1, and showed variable levels of CXCR4 +/− and c-Kit +/− [91] . In this study, the authors focused on the mechanism by which bone marrow cells could differentiation into CMs. PDGF-AB and the PDGF receptor alpha were both implicated in CM differentiation, and the loss of differentiation that occurs with aging could be restored by PDGF-AB supplementation. They furthermore showed the importance of the niche environment, and suggested that the PDGF pathway may be essential to the translation of bone marrow cell-mediated cardiomyogenesis.
Finally, circulating endothelial progenitor cells (EPCs) mobilized from bone marrow have been described with some cardiomyogenic potential. Badorff et al. showed that human peripheral blood mononuclear cells cultured for 3 days in endothelial cell medium with growth factors formed EPCs. When these cells were co-cultured with neonatal rat cardiomyocytes, they expressed α-sarcomeric actinin, cardiac troponin I, atrial natriuretic peptide, and myocyte enhancer factor 2; however, the cells only had a partially developed sarcomeric structure. Based on this information and the apparent formation of functional gap junctions, the authors concluded that these cells trans-differentiated to form cardiomyocytes [92] . Koyanagi et al. subsequently showed that Wnt11, but not Wnt3A, augments cardiomyogenic differentiation of circulating endothelial progenitor cells [20] . In 2007, they showed that gamma-secretasedependent notch activation is required for cardiac gene expression in human EPCs. Notch activation either through co-culture with cardiomyocytes or gamma secretase activation is thought to induce the expression of non-canonical Wnt proteins [93] .
Cell Plasticity and Putative Cardiomyogenic Stem Cells
We have now cited numerous examples of resident and non-resident cells with cardiomyogenic potential. Most of these analyses have been based on the isolation of heterogeneous populations of cells and subsequent cultivation or co-cultivation in vitro. Primarily, the expression of cardiac-associated gene markers have been used to indicate cardiomyogenic potential, and in some few cases, direct functional coupling has been shown [25, 26] . With respect to molecular signaling processes responsible for cardiomyogenesis and the potential for epigenetic modifications, the question thus arises as to whether these putative cardiomyogenic cells are stem cells fated to the cardiomyogenic lineage or are other processes involved, like the socalled trans-differentiation events. Clearly numerous studies have now challenged the dogma that cells differentiate only according to a hierarchical model; however, normal developmental processes that involve both reversible hierarchical or lateral changes have been observed in both stem and non-stem cell populations, which could account for some changes reported in vitro (Figure 4 ).
Developmentally, investigators have shown that tissue stem cells are quite capable of acquiring the identity of other stem cells just by placing the cells into a "new niche" environment [94] [95] [96] . In most of these studies the fate of marked cells introduced into a new environment was analyzed to determine if new cell types or lineages could be identified. Such a lineage switch, which has been defined as "trans-determination", is one of several pathways that stem cells could potentially use to generate cells out of the "classic hierarchic model", where a strict forward progression occurs linearly [97] .
A second pathway that accounts for altered stem cell plasticity could involve normal cell transitions. Epithelial cells have different functions on their basal and apical sides, and this polarity is maintained through cell-cell and cell-extracellular matrix interactions. In contrast, mesenchymal cells often exist without direct cell-cell contacts and/or defined cell polarity. An epithelial-to-mesenchymal transition (EMT) occurs when epithelial cells lose their polarity and become mesenchymal. EMT plays a role in many stages of development, including gastrulation, in which the embryonic epithelium gives rise to the mesoderm, and in delamination of the neural crest, which produces a population of highly mobile cells that migrate to and are incorporated into many different tissues [98] [99] [100] . Alternatively, when a mesenchymal cell migrates to a new location, the cells may revert to their original epithelial phenotype through a process known as mesenchymal-epithelial transition (MET) [100] . Thus, the defining property of cells that undergo EMT is the ability to separate from neighboring cells and penetrate into and through surrounding tissues. Importantly, EMT processes identified through developmental studies also seem to be involved in critical steps of tumor metastasis, and it is likely that transitions also occur when in vivo-derived cells are transferred in vitro [100, 101] .
A third pathway, trans-differentiation, classically refers to differentiated cells changing directly (laterally) into another form of differentiated cell, ideally without the need for cell division or de-differentiation. Trans-differentiation in vivo has been observed in the conversion of white to brown adipocytes and in endothelial cells that reportedly became vascular smooth muscle cells [102, 103] . A series of in vitro trans-differentiation events have also been described including central nervous system stem cells differentiating into muscle cells, and skeletal muscle cells differentiating into hematopoietic cells [104, 105] . Moreover, cells derived from blood or bone marrow have been reported to trans-differentiate into muscle [106, 107] , neural cells [108, 109] , hepatocytes [96, 110] , and myocardial cell [13, 14, 19] ; however, these latter experiments have been questioned due to numerous possible interpretations. The first of these possibilities includes de-differentiation. Cellular de-differentiation is required for functional regeneration in salamanders, and newts in particular generate stem-cell like blastema cells from differentiated cells that may either renew themselves or differentiate into specialized cells [111] . Adult CMs also have some potential for de-differentiation in vitro [112, 113] . Secondly, fusion events can affect the fate of stem cells [37, 114] . Fusion of male myocytes with embryonal carcinoma cells activates the inactived X-chromosome, while fusion of bone marrow and liver cells generates hepatocytes in mice [115] [116] [117] . Many trans-differentiation events reported with hematopoietic, mesenchymal and neural lineages have now been ascribed to cell fusion events [106, 108, 109, [118] [119] [120] [121] . Thus, adult stem cells may gain differentiation potential by fusion with other cells, which can result in reprogramming to a specific lineage or dedifferentiation to a more pluripotent state, depending on the cell type [38] . Finally, transformation or spontaneous immortalization (post-senescent fibroblasts) events may occur spontaneously in vitro, secondary to mutations or chromosomal rearrangements, which can give the cells properties sometimes associated with self-renewal [122, 123] .
Cells cultivated in vitro appear particularly susceptible to the acquisition of new or modified characteristics, some of which occur secondary to epigenetic modifications, which may mimic, but be unique from normal cell processes. A classic example of how epigenetic modifications can alter cell fates can be traced back to the discovery of Myo D, an essential transcription factor implicated in the formation of skeletal myoblasts [124] . In these experiments, stable myoblast cell lines could be isolated after a brief exposure of 10T1/2 mouse fibroblasts to 5-azacytidine, similar to what we described earlier for several types of cardiomyogenic "stem cells" [125] . Separately, Myo D could activate muscle-specific genes in pigment, nerve, fat, liver, and fibroblasts, showing how abnormal expression of a single transcription factor can elicit cell plasticity in vitro [126] . Thus, stem cells that have been cultivated in vitro for several passages prior to transplantation and/or treated with signaling molecules or transcription factors may no longer have their original properties [127] .
Similarly, cells may react differently when implanted in control versus a pathological situation, just because the niche environment is altered [128] . Special attention should therefore be paid to the homogeneity or clonal properties of transplanted cells as well as the evidence of whether cell fusion has occurred, ideally through the use of genetic markers that separately label donor from host cells. Co-culture techniques of putative stem cells with differentiated cells can clearly result in some cell fusion but may also be susceptible to cell-to-cell connections via nanotubes, which may make a stem cell appear to take on characteristics of the others cells in culture [129] . To date, many cardiovascular researchers have failed to consider these alternative interpretations, which may account for some of the reported observations [97, 111, 130] .
The question is therefore how to best define a "true" resident stem cell from a stem cell that may be an artifact of in vitro cultivation (epigenetic modifications, trans-determination, transdifferentiation, transition, cell fusion, etc), a transformation event or one induced by retroviral transfer of transcription factors [50, 51] . Because several of these in vitro artifacts occur spontaneously, we argue that a putative stem cell with cardiomyogenic potential needs to be defined not only on its ability to self-renew and differentiate into CMs, but also on its ability to be identified and isolated to homogeneity from a tissue, either through lineage tracing or the presence of a unique set of markers (e.g., cell surface, molecular). In the strictest sense, therefore, cardiomyogenic stem cells should have developmental correlates and a well-defined phenotype in an animal, and thus far, no single cell surface marker has proven sufficient for the isolation of a stem cell to homogeneity. Consistent with this definition, Weissman et al. proposed that the final decision of a resident stem cell's potency and authenticity should be made based on the isolation of a putative stem cell from the tissue of interest, and where possible, a single cell should be re-introduced in vivo without an in vitro step to determine its potential to self-renew and differentiate [27] .
Based on our criteria and separately on the notion that cardiomyogenic stem cells must produce offspring that can functionally couple with CMs in vivo, we would argue that only a very few stem or progenitor cells with cardiomyogenic potential have been adequately described thus far [25, 42, 47] . By far the best example comes from embryonic stem cells, which can spontaneously form CMs in the absence of co-culture; however and since this is a heterogeneous system, some of the non-CMs that form spontaneously may release factors that are critical to cardiomyogenesis. Secondarily, the Isl-1 + cells also appear to be authentic cardiomyogenic progenitors. The absence of the right heart in Isl-1 knockout animals attests to its critical role; and through the use of other molecular markers, the findings meet many of the developmental standards outlined by Braun and Martire [55] . The stem cell status of the remaining cardiomyogenic cells described above must therefore continue to be questioned, at least for the moment, until questions associated with epigenetic phenomena can be resolved. While our definition may appear overly restrictive, cardiovascular researchers who claim to have identified a novel stem cell population with cardiomyogenic potential must be willing to perform well designed experiments with molecular and genetic markers to address the Weissman paradigm. In its absence, critiques and concerns about such claims will always be forthcoming, and our ability to elucidate signaling pathways of cardiogenesis will continue to be compromised. Practically, however, it has proven extremely difficult to definitively discern stem and progenitor cells with therapeutic potential from other cells with in vitro differentiation potential, including those that may have undergone transformation or epigenetic modifications. To adequately address this issue, appropriate cell surface markers and antibodies must first become available that permit the isolation of primary cell populations of putative stem cells to homogeneity. Until this is achieved, most findings with cardiomyogenic stem cells will continue to be subject to open interpretation by both proponents and opponents of the stem cell theory of cardiac self-renewal.
Stem Cell Differentiation and Signaling Implicated in Cardiomyogenesis
Because many of the pathways associated with adult stem cell differentiation to CMs may be related to epigenetic phenomena and/or factors transferred between cells during co-culture conditions or secondary to changes in the niche environment, the mechanisms responsible for cardiomyogenesis are still difficult to assess in vitro; but the reproducible induction of cardiomyogenesis from EBs has been exploited to identify and test factors that might be capable of improving the differentiation process of ES cells to CMs. The success of the ES system was however complicated initially by the role of serum, which, by analogy, is similar to current problems with the cardiomyogenic stem cells. We do, however, predict as with the ES cells that these shortcomings will be overcome as the model systems are more fully understood.
Irrespective, ES cell-based and a few adult stem cell-based studies have already implicated multiple peptide growth factors or cytokines in the process of differentiation ( Figure 5 ) and cardiomyogenesis ( Figure 6 ). More specifically, members of the interleukin-6 family, the transforming growth factor β (TGF-β) superfamily (TGFs and bone morphogenetic proteins, BMPs), the fibroblast growth factor family (FGFs), and the Notch and Wnt signaling pathways can either activate or inhibit cardiomyogenesis in vitro. Several other molecules, including PDGFs, retinoic acid (RA), and prodynorphins have also been implicated.
Interleukin-6 Family Members
Members of the Interleukin (IL)-6 family include IL-6, IL-11, oncostatin M (OSM), Leukemia inhibitory factor (LIF), ciliary neurotrophic factor (CNTF), cardiotrophin 1 (CT1). LIF, in particular, has been associated with the maintenance of the undifferentiated state of ES cells and cardiomyogenesis. More specifically in ES cells, LIF acts through a receptor complex composed of a low affinity LIF receptor (LIFR) and gp130 receptor molecules [131] . Gp130 receptor complexes activate a wide range of effector molecules, including signal transducer and activator of transcription (STAT) 1, 3 and 5 transcription factors, insulin receptor substrate (IRS) proteins, the tyrosine phosphatase SHP-2, mitogen-activated protein kinases (MAPK), extracellular regulated kinases (ERK) 1 and 2, phosphoinositol-3 kinase and the Src family tyrosine kinases, Hck, Btk and Fes. Neither the LIFR nor the gp130 molecule have any intrinsic protein kinase domain, but each associates constitutively with the JAK family of non-receptor cytoplasmic protein tyrosine kinases, and binding of LIF and formation of the GP130 receptor complex rapidly activates JAK tyrosine kinases, which promotes phosphorylation of the LIFR and gp130 on tyrosine residues. In response to phosphorylation, SH2-domain containing molecules (e.g., STATs and SHP-2) are recruited to the complex and phosphorylated at tyrosine residues by JAK tyrosine kinases. STATs subsequently dimerize, translocate to the nucleus, and bind to DNA to direct gene(s) transcription.
LIF has also been implicated in hematopoiesis, neuroectoderm formation, bone development, acute inflammation and, more recently, ES cell cardiomyogenesis. The latter seems to be associated primarily through its effects on parietal endoderm differentiation, but several publications suggest more direct effects [132, 133] . More specifically, ES cells deprived of LIF differentiate to form EBs with a capacity to form CMs; however, if LIF is present during the first 4 days of aggregation, it inhibits mesoderm formation and the commitment toward CMs. In contrast, the addition of LIF to developing EBs after this time frame, promotes the differentiation of CMs. Different doses of LIF also produce distinctly different effects. Low doses of LIF in LIF-deficient and LIF receptor-deficient ES cells rescue the onset of cardiac differentiation; whereas, higher doses of LIF attenuate CM differentiation [132, 133] . The relevance of LIF has recently been expanded to show that LIF together with BMP-2 downstream signaling components or cell type specific precommitment may facilitate the effects of ES cell-based therapies for post-MI myocardial repair and regeneration. [48] . Thus, LIF signaling is not only important for the maintenance of undifferentiated ES cells, but it plays a critical role in the induction and survival of CMs.
TGF-β Superfamily Members
The TGF-β superfamily consists primarily of TGF-β/activin, BMP/glial cell-derived neurotropic factor (GDNF) and nodal signaling molecules [134] . Each group transmit signals from the membrane to the nucleus by binding to a heteromeric complex of serine/threonine kinase receptors known as TGF-β type I (TβRI) and type II (TβRII) receptors. The type I receptor, also known as activin receptor-like kinase (ALK), acts downstream of the type II receptor and propagates the signal through downstream mediators, known as SMAD (small mother against decapentaplegic) molecules, a class of proteins that function as intracellular signal transducers [135] . The eight known SMAD proteins can also be classified into three functional classes: (i) receptor-regulated SMADs (SMAD1, 2, 3, 5, and 8), (ii) co-mediator SMAD (SMAD4), and (iii) inhibitory SMADs (SMAD6 and 7). TGF-β and nodal signaling activate primarily SMAD2 and 3 phosphorylation through activin receptor-like kinases (ALK)-4, -5, and -7, while SMADs 1, 5 and 8 are phosphorylated by BMP activation of ALKs-1, -2, -3, and -6 [135] [136] [137] .
Members of the transforming growth factor-β superfamily (TGF-β and BMP2) specifically upregulate transcripts encoding cardiac specific transcription factors (Nkx2.5, MEF2C) and transcripts to Brachyury, a mesoderm-specific lineage marker that is vital for the formation and differentiation of posterior mesoderm and for axial development in all vertebrates [138] . In vivo, bone morphogenic protein (BMP) signaling promotes vertebrate cardiomyogenesis, and it is required to generate mesoderm/cardiac cells from mouse teratocarcinoma stem cells and mouse ES cells in culture [139] [140] [141] [142] . EBs stimulated with these growth factors show an increased potential for cardiac differentiation concomitant with a significant increase in beating areas and enhanced myofibrillogenesis. Disruption of the TGF-β/BMP signaling pathways in vitro by a latency-associated peptide and/or noggin also prevents differentiation of ES cells to CMs. Yuasa et al. however found that the BMP antagonist noggin is transiently and strongly expressed in the heart-forming region during gastrulation, and that it induces mesendoderm to establish conditions conducive to cardiogenesis [143] . They also suggested that pretreatment of ES cells with noggin could induce cardiomyogenesis; however, we have been unable to reproduce these findings (unpublished data), suggesting that there may be ES cell line variation. Finally, activin shows dose dependency on the formation of cell lineages. More specifically, Laflamme et al. generated highly purified CMs from human ES cells using a readily scalable system for directed differentiation that relies on BMP4 and high levels of activin A [30, 144] .
Downstream of TGF-β and BMP, SMAD signaling is directly involved with cardiopoiesis. Brown et al. showed that the Smad1/4 complex cooperates with GATA4 to activate Nkx2.5 gene transcription, which suggested a vital role for these factors in the specification of cardiac progenitors [145] . Using a cell line that over-expressed noggin, Monzen et al were also able to show that co-over-expression of Smad1 and Smad4 restored the ability of a noggin overexpressing P19 cell line to differentiate into CMs [146] . More recently, Prall et al. have shown Smad1-dependent negative feedback pathway that regulates heart progenitor specification and proliferation [147] . Kitamura et al. reported the unique role of SMAD2 in embryonic stem cells-derived cardiomyogenesis [148] . SMAD2 was shown to be biphasically activated in both early and late phases during differentiation. Activation of SMAD2 in the early phase augmented the induction of endoderm and mesoderm, which promoted cardiomyogenesis, whereas the activation of SMAD2 in the late phase inhibits CM formation.
Cripto, a critical co-factor for nodal and antagonist for activin signaling, plays critical roles during embryogenesis and has been implicated in promoting the growth and spread of tumors. ES cells lacking Cripto selectively lose the ability to form beating CMs [149, 150] . Because some critical cardiac transcription factor transcripts (Nkx2.5, GATA4, and MEF-2C ) are still present in ES cells after the loss of Cripto-1, it has been suggested that Cripto-1 may act as a master gene regulator for progression of mesoderm to form functional myocardium. Parisi et al. subsequently showed that the timing of initiation and the duration of Cripto signaling are crucial for priming differentiation of ES cells into CMs. Failure to activate Cripto signaling at an early time point resulted in ES cells adopting a neural fate. More importantly, the induction of Cripto activates the SMAD2 pathway, and over-expression of activated forms of type I receptor ActRIB compensated for the lack of Cripto signaling in promoting cardiomyogenesis. Finally, Nodal antagonists inhibited Cripto-regulated cardiomyogenesis, thus showing that the Nodal/Cripto/Alk4 pathway is involved in this process. [151] . Taken all together, these data show that the TGF-β superfamily, either alone or in conjunction with other signaling pathways, plays an important role during differentiation and onset to precardiac mesoderm lineages.
Wnt Signaling
Wnt proteins (or Wg/Wingless) belong to a family of highly conserved secreted signaling molecules that control cellular processes such as embryonic induction, cell fate specification, the generation of cell polarity and are critical to vertebrate cardiomyogenesis Wnts trigger signaling pathways after binding to a membrane receptor complex, but the recruitment of proteins in the cytoplasm depends on which Wnt pathway is activated. The canonical Wnt pathway exerts its effects through β-catenin/TCF/Lef factors; whereas, the non-canonical pathway is PKC-dependent, involves G-proteins, the transmembrane protein strabismus, phospholipase C, c-Jun Kinase (JNK), Rho family GTPases, Ca 2+ /calmodulin-dependent protein kinase II [152] [153] [154] .
Moreover, Wnt proteins have been classified into two groups, depending on their functional activities [155] . The Wnt1 group (Wnt1, Wnt3A and Wnt8A) transduces signal through the canonical pathway; whereas, the Wnt5A group (Wnt4, Wnt5A and Wnt11) acts mostly through the non-canonical pathway [152, 154] . The Wnt5A group can also act as a dominant negative of the Wnt1 class protein, suppressing the β-catenin mediated signaling. Moreover, canonical Wnt inhibitors, such as Dickkopf1 (Dkk1), Crescent and Chibby (Cby), have been dubbed as cardiac inducers, acting to promote cardiac-specific gene expression in the posterior lateral plate mesoderm [156] . More specifically, Cby is expressed in ES cells and is gradually downregulated during differentiation, but up-regulated during CM specification. Knockdown of Cby however leads to an inhibition of mesoderm/endoderm differentiation, while over-expression of Cby led to a 2-fold increase in CM formation, thus indicating that Cby facilitates cardiomyogenesis [157] .
In contrast, canonical Wnt activators may have different effects on cardiogenesis [20, 158] . Although the addition of Wnt3a has been suggested to induce CM differentiation of embryonic carcinoma cells, Wnt3a seems to enhance the early stages of differentiation to mesoderm lineages, but it has a repressive effect during later stages of differentiation to CMs [156, 159] . Wnt11, a member of the non-canonical Wnt pathway, has been suggested to promote CM differentiation through activation of the non-canonical Wnt signaling pathway via JNK and PKC, while inhibiting the canonical signaling pathway through β-catenin. Specifically, an approximate 2-fold increase in the number of CMs was observed when Wnt11 was added beginning after 4 days of differentiation [160] .
The cell surface κ-opioid receptor has also been reported to be involved in cardiac differentiation from ES cells. & kappa; opioid receptor agonists promote GATA4 and Nkx-2.5 gene expression and trigger subcellular redistribution of protein kinase C (PKC ) isozymes in ES cells. Moreover, opioid receptor antagonists suppressed the nuclear increase of PKC-α, PKC-β1 and PKC-β2 isozymes, which decreased the number of EBs with synchronously beating clusters. This led Ventura et al. to suggest that κ opioid-activated GATA4/Nkx-2.5 expression and PKC activation might be a primary signal transduction step in ES cell cardiomyogenesis; however, others have suggested that some of these effects may in fact be secondary to effects on the non-canonical Wnt signaling pathway [161, 162] . Irrespective, there is now very good evidence from differentiation models of cardiomyogenesis to implicate Wnt signaling pathways in this process.
Notch Signaling
Notch signaling plays a crucial role in many developmental processes including cardiogenesis. There are four Notch proteins (Notch-1 to -4) and five ligands (Delta-like-1, -3 and -4, and Jagged-1 and -2) which are expressed on the cell surface in mammals, which control cell fate decisions through cell-cell interaction [163] . Although it has been reported that Notch signaling can cross-talk with other pathways involving BMP, TGF-β or Wnt proteins, the interactions among these pathways in cardiomyogenesis remain ill-defined, even if implicated both in ES cell and EPC differentiation [164, 165, 93] .
Activation of Notch signaling pathway inhibits cardiac differentiation and, conversely, inhibition of Notch in heart promotes myogenesis, suggesting that Notch has suppressive effects on cardiac differentiation [166] . Indeed, Nemir et al. have shown that Notch signaling is a critical regulator of CM differentiation. Inhibition of Notch signaling in ES cells with a dominant negative mutant of recombination signal sequence-binding protein Jkappa (RBP-J), a key downstream transcription factor of Notch signaling, enhances cardiomyogenesis; whereas, forced expression of the Notch intracellular domain facilitates differentiation into neuroectoderm [167] . Schroeder et al. however showed that RBP-J-deficient ES cells gave rise to CMs, endothelial cells, and primitive and definitive hematopoietic cells. This suggested that RBP-J-mediated signals were not in fact required for generation of these cell types. Unexpectedly, cardiomyogenesis derived from RBP-J-deficient ES cells was also increased, and repression of the cardiogenic pathway was restored by expressing RBP-J in RBP-Jdeficient ES cells [168] . Altogether, these data indicate that Notch signaling via RBP-J play an important role in the specification of myocardial cell fates; however, its time of activation and the mode of inhibition must influence the final fate decisions.
Fischer et al. have also generated Hey-deficient ES cell line and shown that loss of Hey1/2 leads to the elevation of ANF, GATA4 and GATA6 mRNA levels, while forced expression of Hey strongly represses expression of the GATA4 and 6 [169] . Moreover, Srivastava's group have shown that Delta-1, a ligand of Notch, is a target of a micro RNA that regulates differentiation of cardiac progenitor cells, indicating that Notch signaling might play a role in differentiation of cardiac progenitor cells [170] . Forced expression of Notch1 in the ventricular cells also inhibits the expression of cardiac muscle markers, sarcomeric myosin heavy chain and α-actin, but increases the expression of conduction cell markers, HNK-1 and SNAP-25, suggesting that Notch signaling also regulates the cardiac cell type specification [166] .
Other Signaling Pathways
A number of additional growth factors and receptors have been shown to affect CM differentiation. As we have seen, PDGF-AB promotes cardiomyogenesis of Oct4 positive bone marrow cells, but in ES cells both PDGF-BB and sphingosine 1 phosphate increase the number of EBs with beating areas and the expression of myosin heavy chain [171] . FGF2 also regulates early development of pericardial mesoderm and promotes cardiac differentiation from ES cells; however, deletion of FGF receptor 1 impairs CMs differentiation from ES cells [172] [173] [174] . Insulin and insulin-like growth factor I (IGF-I) are also essential for mesoderm and heart formation, and IGF-I promotes the proliferation of CMs differentiated from ES cells [171, 175, 176] . The binding of insulin and IGF to its receptors can also activate phosphoinositide 3-kinase (PI3K); however, addition of a PI3K inhibitor either abolishes cardiac commitment or reduces CMs number and beating area in ES cell-derived EBs [177] [178] [179] .
Moreover, nitric oxide (NO), which is generated by NO synthetase (NOS), facilitates cardiac differentiation. Two forms of NOS, inducible NOS (inos) and endothelial NOS (enos), are present during the early stage of heart development, and their expression declines in the ventricle at 14.5 days after embryonic formation, but not in the atrium [180] . Similar and in ES cells, NO generation is at high levels during early stages of differentiation, but stops when CMs switch to postnatal-like stages. NOS inhibitors can also introduce a significant delay in cardiac differentiation from mES cells [180] ; but through the use of SNAP, a NO donor chemical, the differentiation of CMs from ES cells can be augmented, and the proportion of CMs greatly increased [181] . Nanomolar concentrations of retinoic acid (RA) significantly inhibit the development of beating clusters within EBs if administered during the first 5 days of EB formation; however, administration of RA between days 5 and 7 not only produces the opposite effects, it causes an increase in the number of contracting EBs. Interestingly, RA mediated induction of cardiomyoblast differentiation preferentially leads to a ventricular cell type within EBs cultivated in high serum conditions [182, 183] . Paradoxically, depletion of RA in low serum conditions enhances cardiomyogenic differentiation [182] .
Finally, studies on retinoblastoma protein (Rb)-deficient ES cells also showed LEK1 to be a pivotal cardiogenic factor [184, 185] . In Rb-deficient CMs, beating activity in EBs is delayed and the expression of GATA, MEF2 and Nkx-2.5 cardiogenic factors and myocardium-specific genes are downregulated, suggesting a critical role of LEK1 protein in early stages of mesoderm-derived cell lineage specification and differentiation. Restoring the structural interaction of Rb with LEK1 induced a transcriptional program priming ES cells toward a cardiac fate.
Conclusions
Only a few years ago, the idea of a static heart with limited repair capacity was the accepted dogma in the cardiovascular field. The study of stem cells has however revolutionized this and other fields of clinical investigation to the point where the idea of cell based repair, either with endogenous or exogenous cell sources, is now accepted as a new reality. This paradigm shift has occurred very swiftly, partly because of the rapid progress in the field, but also because of great expectations on the part of lay persons and researchers. With change also comes controversy, and the stem cell theory of cardiac self-renewal is not without its detractors. We see merit in the arguments of both the opponents and proponents of this theory, but we also argue that there are experiments that can be performed to resolve these issues. Paramount among these will be the identification and isolation of primary cells with putative cardiomyogenic potential, but before this can be done, appropriate cell surface markers and antibodies must become available. Until this is achieved, most findings with cardiomyogenic stem cells will continue to be subject to open interpretation. The future is however bright and if successful, then cell-based repair has the potential to improve the health and well-being of tens of millions of people. ES cells readily differentiate to form CMs. A) ES cells, in an undifferentiated state, are usually grown on a layer of feeder cells and form tight colonies consisting of cells with a small cytoplasmic content. B) ES cells spontaneously aggregate to form EBs. At day 2 of aggregation, the developing EB is already spherical in shape, and between days 3-4.5, markers of primitive streak and mesoderm can already be observed. C) On days 5-7, an EB is allowed to attach, and within one day, it is characterized by the formation of an outer layer of primary endoderm cells and epithelialization of the primitive ectoderm. Between these layers, mesoderm-derived CMs are typically seen (see arrow). D) Isolated and purified ES cell derived cardiomyocytes stained with an antibody against cardiac TnT. Some images were adapted from [6] . Illustration of four types of putative resident cardiac stem and progenitor cells. Each of the "cardiac" stem (c-Kit + , Sca-1 + and SP cells) and progenitor (Isl-1 + ) cells have been described as being rather small and round. Most have been observed in interstitial spaces near to or among CMs, but all have been reported to have cardiomyogenic potential. Side population cells, which are small and identified based on the efflux of Hoechst dye, are indicated in the red box. Illustrative examples of cell plasticity that might account for some of the differentiation events attributed to cardiomyogenic stem cells. A) Stem cells, which intrinsically self-renew, can differentiate into a single or multiple types of progeny, depending on their developmental potential. The differentiation process may not however be unidirectional, as there is some evidence, particularly in amphibians, to suggest that cell regression to a less differentiated state (de-differentiation) can occur. B) Trans-determination involves a "lineage switch" that can occur when stem cells are placed into a "new niche" environment. Such a switch is thought to be due primary to changes in local signaling and perhaps secondary to epigenetic modifications. C) Direct trans-differentiation is a lateral movement that permits a cell (stem or differentiated) to alter its fate and produce different progeny. Importantly, direct trans-differentiation should occur without cell division. D) Indirect trans-differentiation may involve a step of dedifferentiation, with or without cell division. This process results in altered plasticity and permits phenotypic or fate changes in the progeny. E) Cell transitions, such as an Epithelialto-Mesenchymal transition (EMT), involve the loss of cell polarity and the acquisition of migratory capabilities. Transitions such as these occur naturally during many stages of development, including gastrulation. F) Cell transformations are generally not considered by many stem cell researchers; however, the cultivation of cells in vitro can lead to chromosomal rearrangements, epigenetic changes and other DNA modifications. If severe, this can cause the cells to assume stem cell-like characteristics (immortality), but such cells are more analogous to forms of cancer, and therefore are completely inappropriate for therapeutic testing. G) Cell fusion events are common occurrences both in vitro (co-cultivation) and in vivo, in which adult cells may gain or show altered potentials, merely through the sharing of cytoplasmic factors (signaling molecules and transcription factors), after joining. These events can lead to pronounced reprogramming changes that lead to an altered cell phenotype. Although "cellspecific" markers and proteins may be expressed following fusion, these cells are rarely normal, and are not indicative of cell plasticity. Possible scheme for ES cell differentiation and the role of specific factors in the formation of primitive ectoderm and primary germ layers. A hypothetical primitive streak consisting of both posterior and anterior populations is shown, the populations of which are based on information from mouse. FGF is shown to play a role in neural induction; whereas Wnt, BMP, and activin are all implicated as inhibitors of the early stages of this pathway. BMP4 functions to induce posterior mesoderm, while a gradient of activin/nodal signaling is necessary for other fate decisions. At low concentrations of activin, more posterior-like populations are generated; whereas at high concentrations, it induces endoderm, consistent with an anterior primitive streak-derived population. This figure has been adapted from [30] . Common signaling pathways implicated in the generation of CMs from ES cells. Members of the interleukin-6 family (LIF), transforming growth factor β (TGF-β) superfamily (TGF-βs, BMPs), Notch, and Wnt (Wnt3a, Wnt11) signaling pathways can either activate (+) or inhibit (−) cardiomyogenesis in vitro. Some of the signaling molecules (e.g., RA, Wnt3a, SMAD2) also show a temporal dependency in their effects on cardiomyogenesis.
